Objective The study aims to evaluate the odontogenic potential of human dental pulp cells (HDPCs) in contact with an experimental porous chitosan-collagen scaffold (CHC) enriched or not with a mineral phase of calcium-aluminate (CHC-CA). Material and methods To assess the chemotactic effect of the materials, we placed HDPCs seeded on transwell membranes in intimate contact with the CHC or CHC-CA surface, and the cell migration was monitored for 48 h. Additionally, cells were seeded onto the material surface, and the viability and proliferation were evaluated at several time points. To assess the odontoblastic differentiation, we evaluated ALP activity, DSPP/DMP-1 gene expression, and mineralized matrix deposition. HDPCs cultured onto a polystyrene surface (monolayer) were used as negative control group. Results The experimental CHC-CA scaffold induced intense migration of HDPCs through transwell membranes, with cells attaching to and spreading on the material surface after 24-h incubation. Also, the HDPCs seeded onto the CHC-CA scaffold were capable of migrating inside it, remaining viable and featuring a proliferative rate more rapid than that of CHC and control groups at 7 and 14 days of cell culture. At long-term culture, cells in the CHC-CA scaffold featured the highest deposition of mineralized matrix and expression of odontoblastic markers (ALP activity and DSPP/DMP-1 gene expression). Conclusions According to the results, the CHC-CA scaffold is a bioactive and cytocompatible material capable of increasing the odontogenic potential of human pulp cells. Based on analysis of the positive data obtained in this study, one can suggest that the CHC-CA scaffold is an interesting future candidate for the treatment of exposed pulps. Clinical relevance The experimental scaffold composed by a chitosan-collagen matrix mineralized with calcium aluminate seems to be an interesting candidate for in vivo application as a cell-free approach to dentin tissue engineering, which may open a new perspective for the treatment of exposed pulp tissue.
Introduction
Maintenance of pulp vitality is essential for physiologic tooth functions, including sensory and immune reactions, nourishment, and formation of dentin as active defense mechanisms [1, 2] . The rigid chamber of dentin surrounds the pulp tissue, providing strong mechanical support and protection. When dentin loses its integrity, leading to pulp exposure, vital pulp therapy requires the regulation of tertiary dentinogenesis, a tissue-specific process, to reconstitute normal tissue continuum at the pulp-dentin border [3] . Strategies to promote repair and regeneration of the pulp-dentin complex are now emerging based on the interaction of natural or synthetic scaffolds with cells and signaling molecules, guiding the natural woundhealing events [4] [5] [6] . Regenerative medicine has been demonstrated to have the potential for improved treatment outcomes by means of stem cell-based therapies [6, 7] . Regarding dentin regeneration, a cell-free approach seems to be a rational alternative, as pulp tissue has several stem cell niches at the quiescent stage [2] . Under a proper stimulus, these cells exit the niche, migrate, proliferate, and differentiate to regenerate the damaged tissue [8] . For such purposes, the development of porous and bioactive scaffolds that mimic the natural dentin extracellular microenvironment is critical [9, 10] .
Mineral-containing chitosan-collagen scaffolds have been extensively studied for mineralized tissue regeneration due to their similarity to bone/dentin extracellular matrix (ECM), controlled degradation rate, and mechanical strength [11] [12] [13] [14] [15] [16] [17] [18] [19] . Recently, a chitosan-collagen two-dimensional (2D) biomembrane embedded with calcium-aluminate (CA) was developed for such purposes. This biomaterial featured intense bioactive potential with dental pulp cells, leading to increased expression of odontoblastic marker phenotype, along with expressive deposition of mineralized matrix in vitro [20] . The similarity with glycosaminoglycan, the good biocompatibility with pulp cells [21] [22] [23] , and antimicrobial activity [24, 25] of chitosan are interesting features for dentin regeneration. Calciumaluminate (CA) is biocompatible, with a bioactive mineral phase that provides the Ca 2+ gradient and a slightly alkaline pH (7.6-8.9 ) environment [26, 27] , which has been shown to induce cell migration and differentiation [28, 29] . Therefore, the association of chitosan matrix and CA may be considered as promising alternative for mineralized tissue regeneration.
According to Gupte and Ma [10] , to achieve successful regeneration in tissue engineering field, an approach involving a tri-dimensional (3D) porous matrix seems to be more suitable, since it creates a designed microenvironment for cell support and growing. The porous network of 3D scaffold allows for cell migration inside its structure, followed by cell proliferation and differentiation, and ultimately with new tissue deposition, restoring tissue function. In view of this, in the present investigation, a porous chitosan-collagen calcium-aluminate (CHC-CA) scaffold was developed regarding its potential for dentin regeneration. The chemotactic potential, cytocompatibility, and bioactivity of this experimental CHC-CA scaffold were tested on human dental pulp cells, in order to evaluate its potential for a cell-free approach in dentin tissue engineering.
Materials and methods

Scaffold preparation and characterization
First, a collagen gel suspension from bovine tendon was obtained. The collagen was extracted in 0.9% w/v sodium chloride (Sigma-Aldrich, St. Louis, MO, USA) followed by treatment with 1.42 M sodium (Na , filtered one more time, and neutralized with 3% w/v boric acid solution (Sigma-Aldrich). Excess salts were removed after successive rinses with deionized water, and the solid was suspended in acetic acid (0.55 mol/L, pH 3.5; Sigma-Aldrich). The collagen concentration was determined by lyophilization, at around 0.9-1.3% w/v. The collagen gel was mixed with a chitosan solution (75-85% deacetylated, animal origin; Sigma-Aldrich), previously prepared (1 g chitosan dissolved in 50 mL of acetic acid 2% w/v; SigmaAldrich), at a 2:1 v/v rate, followed or not by addition of the calcium-aluminate cement. Then, the materials were frozen (−80°C) and lyophilized, to remove the water by sublimation, and then dried at a specific temperature to promote crosslinking between the collagen fibrils and the calcium-aluminate. The calcium-aluminate matrix was composed of 65% CaO·Al 2 O 3 , 25% CaO·2Al 2 O 3 , and 10% 12CaO·7Al 2 O 3 .
Therefore, two scaffolds were formulated: (1) CHC scaffold-chitosan-collagen scaffold with no addition of mineral phase and (2) CHC-CA scaffold-chitosan-collagen scaffold containing the mineral phase of calcium aluminate. Cylindrical samples of each scaffold measuring 5 mm diameter and 1 mm thickness were obtained, featuring thus a 55-mm 2 tri-dimensional (3D) area for cell growing. A polystyrene (PS) disc measuring 8 mm diameter was used as negative control, which allowed a 50-mm 2 surface area for two-dimensional (2D) cell growing (monolayer). Prior to being used in in vitro tests, the materials were sterilized by gamma radiation (CBE, Cotia, São Paulo, Brazil) with the irradiation dose fixed at 20 KGy. The superficial morphology as well as the presence of calciumaluminate in the scaffold was detected by scanning electron microscopy (SEM; 10.0 kv) and by energy-dispersive Xray spectroscopy (EDS; 25 kv; take-off angle 3.7) (JEOL-JMS-6610V Scanning Microscope, Tokyo, Japan). The sizes of mineral particles were measured with ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Primary culture of human dental pulp cells (HDPCs)
The pulp tissue from three sound human third molars from a young patient (24 years old) was collected (Proc. No. 30939314.5.0000.5416; approved by the Research Ethics Committee of the Araraquara Dental School/UNESP, São Paulo, Brazil) and subjected to enzymatic digestion in collagenase, as previously described [30] . Cell suspension was plated in 6-well culture plates in complete Dulbecco's modified Eagle medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 100 IU/mL penicillin, 100 μg/mL streptomycin, 2 mmol/L glutamine, and 10% fetal bovine serum (FBS; Gibco). The cells were allowed to attach to the plate for 3 h, when the non-adherent cells were removed and remained cells were cultured with fresh DMEM. This procedure was performed to straightforward isolation and culture of mesenchymal stem cells (MSCs) from pulp tissue, in the same way as performed for MSC isolation from bone marrow [31] . After reaching 80-90% confluence, the culture was expanded and cells in the third passage were seeded on 24-well plates (80% confluence) and subjected to immunofluorescence assay for the stem cell markers STRO-1 and CD-146 [32] . Briefly, the cells were fixed in 4% buffered paraformaldehyde, then permeabilized with 0.1% Triton (Sigma Chemical Co.), and blocked in 5% BSA (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Next, the cells were incubated with the primary antibodies (1:50; Santa Cruz Biotechnology) at 4°C for 12 h, followed by incubation for 1 h with secondary antibody conjugated with FITC (fluorescein isothiocyanate. 1:1000; Santa Cruz Biotechnology) at room temperature. After this, the cells were incubated with Hoechst (1:5000; Invitrogen San Francisco, CA, USA) for nuclear contra-fluorescence. The cells were analyzed in the IN Cell Analyser 2000 (GE Healthcare Life Sciences, Freiburg, Germany), with 12 images being obtained per compartment (n = 3), and the percentage of positively marked cells was obtained by means of the IN Cell Investigation software program (GE Healthcare Life Sciences). Positive marking was observed in 55.9% for CD-146 and 62.7% for STRO-1. The positive staining for both markers along with the secondary antibodies negative control images are demonstrated in Fig. 1 , which indicates the presence of stem cells in the HDPC culture. Therefore, the cell culture used in this present investigation represents a mixed culture of pulp cells, containing a sub-population of stem cells. Cells at passage no. 3 were used in this experiment.
Induction of cell migration
To assess the capability of the CHC-CA scaffold to induce HDPC migration to its surface, we used transwellpermeable supports (8.0 μm pore size; polycarbonate membrane; Corning Inc., Corning, NY, USA). The transwells were incubated in complete DMEM at 37°C and 5% CO 2 for 1 h. Then, 1 × 10 4 cells were seeded onto the upper membrane surface, followed by incubation at 37°C and 5% CO 2 for 2 h to allow for initial cell attachment. After that, the transwell was transferred to 24-well plates containing the CHC-CA or CHC scaffolds (5 mm diameter and 1 mm thickness) in DMEM with no FBS, such that the material surface was in direct contact with the lower surface of the transwell membrane. In the control group, the transwell was incubated in DMEM with no FBS. The samples were incubated for 24 and 48 h at 37°C and 5% CO 2 . Then, the membranes (n = 4) were stained with crystal violet and analyzed by light microscopy (Olympus BX51). Images of four fields from each membrane (upper surface) were taken with a digital camera (Olympus C5060, Miami, FL, USA), and the number of cells was determined with ImageJ software (National Institutes of Health). The mean value for each sample was used for statistical analysis. Scanning electron microscopy (JEOL-JMS-6610V Scanning Microscope) was performed on the upper and lower membrane surfaces of the transwells and also on the scaffolds surface at each period of analysis (n = 2), as previously described [33] .
Analysis of cytocompatibility
The PS disc and the scaffolds (CHC and CHC-CA) were positioned in a metallic device between two silicon rings, and this set was placed into 24-well plates, in such a way that the materials were kept 6.0 mm distant from the culture plate surface, to prevent cell migration (Fig. 2 ). In total, 3 × 10 4 cells were seeded on the material surface, and the construct was incubated at 37°C and 5% CO 2 for 30 min to allow for initial cell adhesion. Then, the HDPCs were cultivated in complete DMEM (medium was changed every 48 h). Cell proliferation, viability, and morphology were assessed after 1-, 7-, 14-, 21-, and 28-day incubation.
Cell viability
The cell viability analysis was performed by use of the Live/Dead® Viability/Cytotoxicity Kit (Invitrogen, San Francisco, CA, USA). At each time point (n = 4), the samples were washed once in phosphate-buffered saline (PBS) and incubated for 45 min with PBS supplemented with 4 μM ethyl homodimer-1 (Eth-1) and 2 μM Calcein AM (CA). The materials were then analyzed by fluorescence microscopy (Leica DM 5500B, Nussloch GmbH, Nussloch, Germany). Images of four fields were obtained from each material surface, and the percentage of live cells at each time point was calculated (ImageJ software). We evaluated 0.5-mm-thick transverse slices of the scaffolds to observe the presence of viable cells inside the material.
Cell proliferation
The cell metabolic activity was monitored by means of the Alamar Blue® assay (Invitrogen) (n = 6). At each time point, the culture medium was aspirated, and the cells were incubated at 37°C and 5% CO 2 for 4 h with 2 mL of Alamar Blue® dye diluted in DMEM with no FBS (1:10). Then, the fluorescence was read at 570 nm excitation and 585 nm emission (Synergy H1, BioTek, Winooski, VT, USA).
Cell morphology
At the 28-day time point, two samples were prepared for cell morphology analysis by SEM. Cell morphology was examined at the surfaces of the PS discs and the scaffolds, and in 0.5-mm-thick transverse slices from the scaffolds. EDS analysis was performed to characterize the components of the scaffolds in direct relationship with cells.
Analysis of cell differentiation
For this assay, the cell/material constructs adapted to the metallic device were cultivated in osteogenic medium (DMEM plus 10% SFB, supplemented with 10 nmol/L β-glycerophosphate and 50 μg/mL sodium ascorbate; SigmaAldrich). Total protein (TP) content and alkaline phosphatase (ALP) activity were measured at 14 days, and the gene expression of odontoblastic markers and mineralized matrix deposition were assessed at 28 days.
TP quantification/ALP activity
Cell lysis was performed in 0.1% sodium lauryl sulfate (Sigma-Aldrich Corp.) solution. The scaffolds were subjected to mechanical disruption, and the supernatant was collected after centrifugation (4000 rpm/10 min). ALP activity measurement was performed with a thymolphthalein monophosphate substrate kit (Labtest Diagnóstico S.A., Lagoa Santa, MG, Brazil), and TP dosage was performed according to the Read & Northcote protocol [30] . The concentrations of ALP and TP production were calculated with a standard curve; then, the ALP activity was normalized by TP content. The percentages of ALP activity relative to the PS group (negative control) were calculated (n = 6).
Real-time PCR
Total RNA was extracted with the RNAqueous®-micro kit (Ambion, Austin, TX, USA), and cDNA was reversetranscribed with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), according to the recommended protocol. Real-time PCR quantification of mRNA (n = 6) was performed in StepOne Plus equipment (Applied Biosystems) by the use of Taqman assays: DMP-1-Hs01009391_g1, DSPPHs00171962_m1. The CT value of DSPP and DMP-1 was normalized by the constitutive gene and β-actin (Hs01060665_g1). The data of gene expression were normalized by those obtained on PS group (negative control).
Alizarin red assay
The cell/material constructs (n = 6) were fixed in 70% ethanol at 4°C, washed in distilled water, and then stained with Alizarin red dye (40 mM, pH 4.2; Sigma-Aldrich). Scaffolds (CHC and CHC-CA) with no cells (n = 6) were used to eliminate the background. The materials were washed in deionized water and incubated with 10% cetylpyridinium chloride (Sigma-Aldrich), and the absorbance of the leached solution was measured at 570 nm (Synergy H1). The PS group mean absorbance was considered as 100% of Alizarin red staining.
X-ray microtomography (μCT) analysis
The percentage of mineralized matrix before and after 28 days of cell culture in the scaffolds was also detected by μCT. The samples were scanned in SkyScan Micro-CT (1176, Bruker, Kontich, Belgium) to obtain 3D models, and the mineralized volume was obtained by means of SkyScan CT analyser and CT volume software (Bruker). Three regions of 50 μm were scanned in each sample (n = 4), and the average value was used for statistical analysis.
Statistical analysis
The experiments were performed twice to ensure reproducibility. Data were analyzed by two-way ANOVA complemented by Tukey's test for observation of the significance differences between the study groups. A value of p < 0.05 was considered to be statistically significant.
Results
Scaffold characterization
Both scaffolds featured a porous 3D matrix, as observed by low magnification (×100) SEM images at the surface and in transversal slices of the materials (Fig. 3) . High magnification images demonstrated the presence of an organic matrix interlaced with mineral components on CHC-CA scaffold, whereas the CHC scaffold featured a smooth surface. The EDS analysis of superficial mineral structures demonstrated the presence of calcium (Ca) and aluminum (Al), the main components of the calcium-aluminate phase. This mineral phase was organized in microparticle agglomerates with single microparticles measuring from 0.12 to 0.5 μm (average = 0.31 ± 0.10 μm) and agglomerates measuring from 0.71 to 4.90 μm (average = 1.47 ± 1.02 μm). The presence of Al and Ca was not detected on the CHC scaffold.
Cell migration
A significantly lower number of cells was observed on the upside of the transwell membrane for the CHC and CHC-CA groups in comparison with that on the PS group at both time points (p < 0.05). The CHC-CA presented significantly lower cells than CHC group (p < 0.05). The SEM images demonstrated a reduced number of cells on the upside of the transwell membrane for the CHC-CA group when compared with CHC and PS groups. The presence of migrating cells located on the scaffold surface was observed only for the CHC-CA group (Fig. 4) .
Cell viability, proliferation, and morphology
No significant difference for the percentage of viable cells at each time point among the groups was observed (p > 0.05) (Fig. 5a ). For cell proliferation assay (Fig. 5b) , significant increase in the percentage of cell metabolism throughout time points was observed for all experimental groups (p < 0.05). For the CHC-CA group, significantly increased cell metabolism was observed at the 7-and 14-day time points relative to CHC and PS groups, whereas the CHC group featured significantly higher cell metabolism compared with PS group only at 7 days of cell culture (p < 0.05). Nevertheless, at the 21-and 28-day time points, no significant difference among groups was observed (p > 0.05). Representative images of live/dead analysis at 1, 14, and 28 days are shown in Fig. 5c -e. It was observed that cells were capable of attaching to and spreading on the scaffolds surface as well as migrating inside the biomaterials, where they maintained their viability (live/dead images). The SEM evaluation (Fig. 6) showed that the cells were capable to adhere and spread onto the surface of all materials. Cells inside the CHC and CHC-CA scaffolds at the 28-day period were observed.
Differentiation marker expression
Considering the PS group as 100% of ALP activity/TP production, significantly increased ALP activity and TP production was observed for the CHC-CA relative to PS and CHC groups (p < 0.05) (Fig. 7a, b) . The CHC-CA group also featured the highest mRNA gene expression of DMP-1 and DSPP (p < 0.05) (Fig. 7c, d ). Regarding mineralized matrix deposition, significantly higher Alizarin red staining was detected on the CHC and CHC-CA group compared with the PS group (p < 0.05), with CHC-CA scaffold featuring the highest amount of mineralized matrix (Fig. 7e) . Micro-CT analysis of scaffolds demonstrated an increase in the percentage of mineralized volume 28 days after cell seeding; however, the CHC-CA group exhibited an intense increase on this feature when compared to CHC group (Fig. 7f) .
Discussion
Currently, the application of tissue engineering concepts for the development of biomaterials capable of driving dental pulp stem cell migration and differentiation has been the focus of regenerative dentistry, mainly for the treatment of pulp exposures [34] . Mineralized tissues are characterized as fibrillar collagenous extracellular matrix infiltrated with non-collagenous proteins and proteoglycans, embedded with calcium-rich minerals [35] . Three-dimensional extracellular matrix scaffolding that mimics this natural environment appears to be essential for eliciting differentiation responses from resident cells and creates a molecular environment receptive for mineralization [10] . As collagen type I is the main component of dentin matrix, collagen-based scaffolds have been frequently used to reproduce the process of dentinogenesis [35] . However, collagen is easily degraded in biological media, and its mechanical properties are weak. In view of this, a chitosan-collagen composite has emerged as an interesting alternative, as chemical interaction between NH + 3 chitosan residues and COO-collagen groups significantly reduces the degradation rate of collagen [36] . Mineral-rich chitosan-collagen composites have been considered the ideal materials for mineralized tissue regeneration by providing a favorable environment for the infiltration and function of osteogenic/odontogenic cell types, which leads to the enhancement of osteoconductivity, with the advantage of increased material mechanical strength [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Previously, our group demonstrated that a chitosancollagen 2D matrix embedded with calcium-aluminate mineral phase was cytocompatible with human dental pulp cells and Fig. 3 Scaffold characterization. a, b SEM view of the CHC-CA scaffold surface and transversal slice, respectively, at low magnification (×100). c, d SEM view of the CHC-CA scaffold surface and transversal slice, respectively, at high magnification (×1000 and ×5000, respectively). Note the presence of mineral aggregates on material surface surrounded by the organic matrix (arrows). e EDS analysis of mineral structures (asterisk) observed on d. f, g SEM view of the CHC scaffold surface and transversal slice, respectively, at low magnification (×100). h, i SEM view of the CHC scaffold surface and transversal slice, respectively, at high magnification (×1000). j EDS analysis of CHC structure (asterisk) observed on i allowed for cell proliferation through time, associated with increased odontoblastic differentiation capability [20] . Therefore, the potential of this formulation to act as a bioactive material for dentin regeneration has been already demonstrated in the literature. In the present investigation, a chitosancollagen calcium-aluminate 3D scaffold was created to mimic the microenvironment of the mineralized organic fiber meshwork of dentin matrix. The capability of this scaffold to induce cell migration to its surface was assessed in order to verify its potential as a cell-free approach, as well as the cell migration and viability inside the porous network. The cell proliferation, odontoblastic differentiation capability, and mineralized matrix deposition were confirmed for this material, and the role of mineral phase in this process was verified.
Both CHC and CHC-CA scaffolds induced migration of HDPCs through the transwell membrane. Odontogenic precursor cell mobilization to sites of tooth repair following injury is the first step required for dentin regeneration in vivo [3] . Also, cells are known to sense and respond to their local environment by using integrin receptor-mediated signaling pathways, particularly to sense the biochemical properties of the ECM proteins, such as collagen, laminin, and fibronectin [37] . Previously, reports also have demonstrated that chitosan possesses a chemotactic potential with pulp cells, since the application of a chitosan membrane on pulp tissue in vivo was capable to induce the migration of mesenchymal stem cells followed by deposition of mineralized matrix [23] . According to our results, the cell migration was more intense for CHC-CA scaffold in comparison to CHC scaffold, with cells being capable of attaching to and spreading onto the scaffold surface. The hydration process of the calcium-aluminate matrix leads to formation of calcium-aluminate hydrate (3CaO· A l 2 O 3 · 6 H 2 O ) a n d a l u m i nu m -h y dr o xi d e h yd r at e (Al 2 O 3 .3H 2 O), followed by slow and gradual release of Ca 2+ and OH − after decomposition of the 3CaO·Al 2 O 3 ·6H 2 O phase [38, 39] . It was previously demonstrated that a Ca 2+ gradient has a chemotactic effect on mesenchymal stem cells [40] , osteoblasts [41] , and fibroblasts [42] . Therefore, both the chitosan/collagen matrix and Ca 2+ release in the scaffold may have played a fundamental role in the HDPC migration shown in the present study.
To evaluate the cytocompatibility of the CHC-CA scaffold, we seeded the HDPCs on the surface of this experimental biomaterial and then assessed the proliferation and migration of these cells at several time points. The live/dead assay demonstrated the presence of viable cells at each time point on both CHC and CHC-CA scaffolds. The presence of viable cells was also observed inside the materials at all periods of analysis. Cells seeded on the CHC-CA scaffold showed proliferative rates more rapid than those on the CHC scaffold and control group (PS) at 7 and 14 days. Analysis of these data attests to the compatibility of the CHC-CA scaffold with HDPCs, such as previously demonstrated for the 2D formulation [20] , which is considered a basic pre-requisite for vital pulp therapy, as the ideal product to be applied to pulp exposures should provide an optimal environment for complete healing of this specific connective tissue [3] .
Regarding the bioactivity of the chitosan-collagen calcium-aluminate formulation, it was already demonstrated that the 2D architecture increased in around of 26.4, 57.2, and 400% the ALP activity, total protein expression, and groups at each time point; upper-case letters allow comparison between time points for each group; different letters indicate significant differences (two-way ANOVA; Tukey's test; p < 0.05). c, d, e Representative images of live/dead (×20) assay of PS, CHC, and CHC-CA groups, respectively, at the material's surface, and inside the scaffolds structure (transversal slices), at the 1-, 14-, and 28-day time points alizarin red staining, respectively, of HDPCs seeded onto its surface in comparison to those seeded on polystyrene (which represents 100% of cell parameters) [20] . In addition to these results, in the present investigation, the 3D architecture of CHC-CA scaffold allowed for increase in 74.2% of ALP activity, 126.3% in total protein expression, and 500% in mineralized matrix deposition (alizarin red assay) in comparison to PS group. Nevertheless, increase in DSPP and DMP-1 gene expression was observed for the CHC-CA scaffold, as was also observed for the 2D biomembrane [20] . Therefore, the 3D porous matrix of the CHC-CA allowed for a more intense expression of these secreted odontoblastic markers, culminating with the deposition of a great amount of calcium-rich matrix, demonstrating the potential for this biomaterial to act as a matrix-inducible, cell-mediated deposition and regulation of the mineral phase, a critical end-point hallmark feature for dentin regeneration. Similarly, Hu et al. [43] found that the 3D architecture (scaffold) played a significant role on MSC differentiation towards an osteogenic phenotype, leading to significantly higher amount of mineralized matrix deposition than that observed for a 2D matrix (flat film). According to the authors, the porous architecture of the scaffold results in more efficient cell proliferation and recapitulates the in vivo cues of extracellular matrix, which also possess a 3D environment. The porous matrix of the scaffolds allows for cell migration inside its structure, with cells adhering to the pore wall. In this scenario, the cells feature a 3D conformation of its cytoskeleton, whereas cells adhering to flat surfaces exhibit an elongated shape. According to Hu et al. [43] , the 3D cell morphology has a differential effect on cell differentiation and new tissue deposition, resulting in higher deposition of mineralized matrix in the scaffold structure in comparison to flat surfaces. In the present investigation, the live/dead assay clearly demonstrates the migration of live cells inside the porous structure of the CHC and CHC-CA scaffolds, with cells featuring a round shape in comparison to elongated shape of cells in PS group.
Amir et al. [21] demonstrated that chitosan has a bioactive potential, being capable of increasing cell proliferation, ALP activity, and mineralized matrix deposition on dental pulp stem cells in vitro. In a recent study, a biomembrane of chitosan induced the reparative dentinogenesis process when applied to the exposed pulp tissue on canine teeth. The thickness of mineralized barrier was similar to those observed when calcium hydroxide was used; however, no tissue necrosis was observed when chitosan was applied [23] . The addition of a mineral phase to chitosan/collagen scaffolds seems to increase the bioactivity of these biomaterials [44] . Pulp cells in contact with Ca-releasing cements are intensely induced to an odontoblastic phenotype in vitro [45, 46] . Also, the results of in vitro and in vivo studies have shown that chitosan/collagen scaffolds containing a Ca-based mineral phase had superior ability for osteoblast phenotype induction and bone reconstruction [11] [12] [13] [14] [15] [16] [17] [18] [19] . The inclusion of a mineral phase provides an environment with chemical composition similar to that of the inorganic components of bone, increasing the osteoblastic phenotype. In addition, these composites feature enhanced mechanical property via matrix reinforcement [9, 44] .
The results of the present investigation also demonstrated that the calcium-aluminate phase played a significant role on the regenerative potential of HDPCs, since the cells seeded on the CHC-CA scaffold featured higher expression of odontoblastic markers and mineralized matrix deposition than CHC scaffold. The μCT analysis confirms the presence of mineral matrix deposited by the cells after 28 days of cell culture, with minerals well distributed throughout the 3D structure of CHC-CA scaffold. It was previously reported that calcium-aluminate cement is capable of inducing the expression of osteoblastic markers and mineralized matrix deposition when preosteoblasts were seeded onto its surface [26, 39] . Also, an in vivo study conducted in rat molars demonstrated that calcium-aluminate cement enhanced dentin bridge deposition after its application to mechanically exposed pulps [47] . Soares et al. [20] observed that a chitosan-collagen calcium-aluminate biomembrane increased the dentinogenic potential of human dental pulp cells in vitro, leading to intense mineralized matrix deposition. Therefore, one may conclude that the intense mineralized matrix deposited by HDPCs seeded onto the CHC-CA surface observed in the present investigation can be attributed to the combined bioactive effects of chitosan-collagen organic matrix and the calcium-aluminate microparticles. Therefore, the chitosan-collagen calcium-aluminate porous matrix seems to present potential for pulp capping due to its chemotactic, cytocompatible, and bioactive characteristics, as demonstrated in the present in vitro investigation. However, further studies are needed to assess the mechanical characteristics of this composite, as well as its behavior when used in animal models.
Conclusions
The experimental scaffold composed of a porous chitosancollagen matrix embedded with calcium-aluminate microparticles induced human dental pulp cell migration, adhesion, and proliferation on its surface, followed by intense expression of odontoblastic phenotype markers and culminating in the deposition of high amounts of mineralized matrix. Therefore, this biomaterial seems to be an interesting candidate for in vivo application as a cell-free approach to dentin tissue engineering.
